Background: Triple-negative breast cancer (TNBC) is a heterogeneous disease with a worse prognosis. However, current therapies have rarely improved the outcome of patients with TNBC. Here we sought to identify novel biomarkers or targets for TNBC. Materials and methods: Patients GSE76275 clinic traits and their corresponding mRNA profiles for 198 TNBC and 67 non-TNBC were obtained from the GEO database. Weighted gene co-expression network analysis (WGCNA) of the GSE76275 keyed out hub genes, and the differentially expressed genes (DEGs) were identified with the cut-off of adjusted P (adj. P) <0.01 and |log2 fold-change (FC)| > 1.5. The hub -DEGs overlapping genes, as key genes, were considered for further study using Kaplan-Meier plotter online analysis. Subsequently, Breast Cancer Gene-Expression Miner v4.0 and tissue microarray analysis were applied to determine the transcriptional and translational levels of every key gene. Following plasmid transfection for overexpression, the proliferation of TNBC cells was determined by CCK8 and colony formation assay. Moreover, xenograft tumor models were canvassed to investigate their effect upon in vivo tumor growth. Results: Four genes (SIDT1, ANKRD30A, GPR160, and CA12) were found to be associated with relapse-free survival (RFS) in TNBC through WGCNA and DEGs integrated analysis. Patients with a higher level of SIDT1 had significantly better RFS compared to those with lower levels. The transcriptional and translational levels of SIDT1 were validated as downregulated in patients with triple-negative status, negative estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2). Furthermore, SIDT1 inhibited proliferation of breast cancer cells (MDA-MB-231 and MDA-MB-468) and xenograft studies demonstrated that SIDT1 can suppress tumor growth in vivo.
Introduction
Breast cancer remains the most commonly diagnosed cancer and a leading cause of cancer death among females. 1 Approximately 2.1 million new cases were diagnosed with breast cancer in 2018 globally, accounting for 24.2% of total novel cancer cases among females. 1 Triple-negative breast cancer (TNBC), which is defined by no expression of the estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2), accounts for 10-20% of all breast cancers. 2, 3 Patients with TNBC typically have a higher recurrence and mortality rate than all other breast cancer subtypes owing to biologically more aggressive behavior and the lack of hormone receptors and HER2 expression for targeted therapy. [4] [5] [6] [7] Hence, identifying reliable biomarkers and effective targets for TNBC is urgently needed for enhancing overall prognosis.
The wealth of molecular information from public database resources, such as The Cancer Genome Atlas (TCGA: https://www.cancer.gov/tcga) and Gene Expression Omnibus (GEO) database, 8 offers insight upon the mechanism of cancer progression and an opportunity for discovering new biomarkers. Furthermore, reanalyzing of these data based on bioinformatics methods could also provide new clues for discovering valuable targets. Among these bioinformatics methods, differentially expressed genes (DEGs) analysis is a widely used tool riveted on gene upregulation and downregulation independently. As genome is a complicated and highly interconnected network, there is a need to analyze from different perspectives. 9 Weighted gene co-expression network analysis (WGCNA), based on a scale-free network, is used for identifying modules or clusters of highly correlated genes. 10 Thus, WGCNA is a powerful tool to identify key genes that contribute to phenotypic traits and referencable candidate biomarkers or therapeutic targets.
In this study, we selected candidate genes related to TNBC by combining DEGs and WGCNA algorithms. We further explored their prognostic value and expression in breast cancer. Then, we chose SIDT1 for further study and verified its correlation with clinicopathological progression by tissue microarray. Moreover, we investigated its effect on tumor growth both in vitro and in vivo.
Materials And Methods

Cell Culture And Transfection
Human breast cancer lines MDA-MB-231 and MDA-MB-468 were purchased from ATCC and cultured in DMEM medium with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin at 37°C with 5% CO 2 . A plasmid expressing SIDT1 (pENTER-CMV-SIDT1-flag) and an empty plasmid control (pENTER) were constructed by inserting target gene into plasmid pENTER using restriction enzyme AsisI/MluI obtained from Vigene Bioscience (Shangdong, China). To confirm the insertion, two primers (primerF: CGCAA 'ATGGGCGGTAGGCGTG and primerR: CCTCTACAAA TGTGGTATGGC) were constructed by sequencing the target gene. The plasmid transfections were performed using X-tremeGENE HP DNA Transfection Reagent (Cat. #739406, Roche) following the manufacturer instructions. To generate the lentiviral vector for overexpression of SIDT1, the FUGW-H1-GFP-neomycin (Cat. #37632, Addgene) was modified by inserting a target gene downstream from HIV-1 flap into a unique EcoRI-BamHI site. The lentivirus was constructed and produced by Taitool Bioscience Co. Ltd. (Shanghai, China).
Animal Studies
Four-week-old 24 female athymic nude (nu/nu) mice were purchased from HFK Bio-Technology Co. Ltd. (Beijing, China). MDA-MB-231 (1×10 6 ) and MDA-MB-468 (1×10 6 ) cells with indicated lentivirus were suspended in 50 µl of PBS and injected subcutaneously into the caudal thigh of each mouse. Tumor volumes were calculated every 7 days according to the formula: volume = (the longest diameter) × (the maximum width) 2 /2 and the weight of tumors were recorded at the end of the experiment. The animal experiment was performed in accordance with the Animal Welfare Act, "Guidelines for the Care and Use of Laboratory Animals", approved by the Committee for Ethics on Animal Experiments of Tongji Hospital, Tongji medical college, Huazhong University of Science and Technology.
Immunohistochemistry
Two human breast cancer tissue chips (BR2082a and BR487c, Alenabio, China) were utilized for SIDT1 immunostaining in accord to the Specimens in Tissue Chips Collection and Use guideline approved by the Ethics Committee of People's Hospital of Xutong County, Henan Province and subsequent approval by the Ethical Management Committee of Tongji Hospital -Tongji Medical College. A human paraffin-embedded tissue array of BR2082a and BR487c contained 44 cases with benign breast lesion, 52 cases diagnosed with TNBC, and 108 cases with non-TNBC. Tissue sections were subjected to immunohistochemical (IHC) analysis using the Avidin-Biotin Complex (ABC) Vectastain Kit (SP-9001, Zsgb-Bio) according to the manufacturer's protocol. Anti-human SIDT1 (55352-1-AP, Proteintech) was used as a primary antibody. Further, SIDT1 immunostaining was evaluated independently by two pathologists who were blinded to all clinical information. A semi-quantitative scoring system was used for evaluation as described previously. 11 In brief, the staining intensity was marked (0 = absence; 1 = weak; 2 = moderate; 3 = strong). The HSCORE was determined via the following formula: HSCORE = ∑Pi×(i+1), where i is the staining intensity of immunocytes, and Pi is the percentage of corresponding cells at each level of intensity. Hscore ≤ 2 was sorted as a low protein level, and Hscore >2 was sorted as a high protein level.
Western Blot Analysis
Total proteins of pre-treated cells were harvested with RIPA buffer. Immunoblotting was performed as described by the manufacturer's instructions. Anti-SIDT1 (1:500, 55352-1-AP, Proteintech) and anti-GAPDH (1:2000, GB11002, Servicebio, Inc.) were used as primary antibodies for incubation. Quantification of the relative expression level was performed by Image-Pro Plus.
Cell Viability Assay
Cell viability was assessed by utilizing CCK-8 (Beyotime Institute of Biotechnology, China). Briefly, cells were seeded into 96-well plates (1,000 cells per well) and then incubated for 12, 24, 36 and 48 hrs. The CCK-8 reagent was added into each well with incubation at 37°C for 4 h. The absorbance at 450 nm was measured using a Microplate Reader.
Colony Formation Assay
A total of 1,000 survived cells per well were incubated in 6-well plates for 10 days. Colonies were treated with 4% paraformaldehyde, stained with crystal violet for 8 min, and counted.
Data Collection And Preprocessing
The mRNA expression profiles and corresponding patient clinic traits were downloaded from the GEO database (http://www.ncbi.nlm.nih.gov/geo/) with accession number GSE76275. 12 In total, 265 samples (198 TNBC and 67 non-TNBC) analyzed on the Affymetrix Human Genome U133 Plus 2.0 Array platforms were included in the dataset. The GEL files of normalized data were downloaded and processed, then preprocessed for background correction using the RMA (Robust Multichip Average) package (http://rdrr.io/bioc/oligo/man/rma-methods.html).
Identification Of Candidate Genes
A coexpression network was constructed using the WGCNA algorithm. 10 Module eigengenes (MEs) were utilized to assess module-trait associations. Module significance (MS) and gene significance (GS) were used to calculate the expression patterns of modules associated with clinical traits. The minimum number of genes was set as 30 with a threshold of 0.25 for the high reliability of the results. DEGs in GSE76275 were identified using the limma R package with the Empirical Bayes method, and statistically significant DEGs were defined as adjusted P (adj. P) <0.01 and |log2 fold-change (FC)| >1.5. The candidate genes were screened by taking the intersection of DEGs and hub module.
Prognostic Analysis
The prognostic value of candidate genes was analyzed using the Kaplan-Meier Plotter (http://kmplot.com/analysis/), an online database that integrates gene expression data and clinical data. The correlation between mRNA expression of candidate genes and relapse-free survival (RFS) was assessed in patients with TNBC.
Breast Cancer Gene-Expression Miner v4.0
Breast Cancer Gene-Expression Miner v4.0 (bc-GenExMiner v4.0) is a statistical mining tool, which contains 36 annotated genomic datasets (updated in December 2017). 13, 14 It was used to evaluate the mRNA expression levels of SIDT1 according to clinical parameters, including triple-negative status, ER, PR, and HER2.
Statistical Analysis
This study used SPSS version 17.0 (SPSS Inc., Chicago, IL, USA) for statistical analysis. Data were presented as mean value ± standard error of the mean (SEM) and interpreted by two-tailed, unpaired Student's t-tests or one-way ANOVA. Fisher's exact and chi-square tests were performed to evaluate the association of SIDT1 expression with clinical factors. P-value < 0.05 was considered significant for all results.
Results
Construction Of Weighted Coexpression Network And Identification Of Hub Genes
In total, 265 samples with clinical data were included from the coexpression analysis. We chose clinicopathologic features including triple-negative status (TNS), AJCC stage, body mass index (BMI), tumor size, and menopausal status for the WGCNA study. Genes with similar expression patterns were classified into one module. Accordingly, 12 modules were excavated with a cutoff of powers = 13 (scale-free R2 = 0.90) ( Figure 1A ). Among the modules, the blue and pink module had the highest correlation with the TNS trait ( Figure 1B) , and 1000 genes were randomly selected for the heatmap ( Figure 1C ). Subsequently, an intramodular analysis of gene significance (GS) and module membership (MM) of the genes within 12 modules was performed. As GS and MM exhibited a significant correlation, the genes in the blue module were synergistically downregulated and tended to be highly correlated with TNBC ( Figure 1D) . Therefore, 241 genes in the blue module were selected as hub genes for further screening and analysis.
Identification Of DEGs In TNBC
The DEGs of GSE76275 were analyzed using the limma R package following preprocessing for background correction. With the cut-off of adj. P < 0.05 and |logFC| > 1.5, 92 DEGs were identified, including 34 upregulated genes and 58 downregulated genes in TNBC specimens compared to non-TNBC specimens ( Figure 1E ). The total DEGs were shown in the volcano map, and the visualized heatmap of 92 DEGs according to the value of |logFC| were also shown ( Figure S1 ).
Key Genes Identified In Hub Genes And DEGs
There were 31 overlapping genes among hub genes and DEGs (Table S1 ). It suggested that these genes were significantly downregulated in TNBC and were closely related to TNBC. To further investigate their association with TNBC outcomes, prognostic analysis of these genes in TNBC was conducted on the Kaplan-Meier plotter. Briefly, four genes namely SIDT1, ANKRD30A, GPR160, and CA12 were found to be correlated with the RFS of patients in TNBC (HR = 0.62 (0.40-0.95), 0.57 (0.33-1.00), 0.53 (0.31-0.93), and 1.77 (1.15-2.73), respectively) (Figure 2A -D). Patients with a higher level of SIDT1, ANKRD30A, or GPR160 had significantly better RFS compared to those with lower levels; while conversely, upregulated CA12 was significantly associated with poor RFS. ANKRD30A, previously identified as breast cancer antigen NY-BR-1, 15 has been generally detected both in normal and tumorous mammary epithelium. 16 It has also been found to be preferentially expressed in breast tumors with lower malignant potential, including low grade, estrogen receptor-positive, and lymph node-negative status. 17 Moreover, downregulation of NY-BR-1 mRNA and protein levels have been demonstrated in TNBC. 18, 19 GPR160, an orphan G protein-coupled receptor, is gradually known to play a critical role in the pathogenesis of cancer. 20 The overexpression of GPR160 correlates with poor prognosis in nasopharyngeal cancer. 21 CA12 is widely expressed in several tumor types, such as renal, colorectal, lung, ovarian, and cervical cancers. [22] [23] [24] Previous studies have demonstrated that high expression of CA12 predicts good prognosis in breast cancer. 25, 26 SIDT1 is originally recognized as a transmembrane channel for small RNA. 27 A study on IL-4/Stat6 pathway in breast cancer showed that SIDT1 is upregulated by IL4. 28 However, there is a lack of research on the relationship between SIDT1 and cancer. Therefore, we plan to explore the expression of SIDT1 in breast cancer and investigate its role in cancer progression.
Expression Of SIDT1 In Patients With Breast Cancer
The mRNA expression of SIDT1 in breast cancer was validated using the bc-GenExMiner database. As shown in Figure 2E , SIDT1 mRNA levels were lower in patients diagnosed with TNBC than in those with non-TNBC (P < 0.001). Moreover, the mRNA levels of SIDT1 were significantly decreased in patients with ER, PR, and HER2 negative status compared to the positive status respectively ( Figure 2F-H) . To further verify the expression of SIDT1 in breast cancer, immunohistochemical analysis was conducted in tissue samples. As shown in Figure 3 , positive staining for SIDT1 was distributed in the cytoplasm and plasma membrane of cells ( Figure 3A ). SIDT1 expression was obviously decreased in TNBC tissues compared to benign breast lesion and non-TNBC tissues ( Figure 3B ). Notably, later stages of TNBC were detected with downregulated SIDT1 levels ( Figure 3C ). Specifically, patients diagnosed at stage IIA showed higher expression of SIDT1 compared to those diagnosed at stage IIB (P < 0.01) and stage III (P < 0.001). Consistent with the previous database analysis, decreased expression of SIDT1 was observed in patients with ER, PR, and HER2 negative status at the protein level ( Figure 3D-F) . 
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Correlation Between SIDT1 Expression And Clinicopathological Features
TNBC is known to be more aggressive and has a poorer prognosis compared to other breast cancer subtypes. 5, 29 Given that SIDT1 is significantly downregulated in TNBC and is associated with TNBC progression, we further investigated the value of SIDT1 in overall breast cancer progression. The relationship between SIDT1 expression and clinicopathological features of 160 breast cancer cases was analyzed. As shown in Table 1 , most patients with breast cancer in the study were aged ≤ 50 (60%), and a high percentage of patients presented as stage II (62.5%). There was no difference in the SIDT1 expression level between patients aged ≤ 50 and > 50 (P = 0.750) ( Table 1) . However, SIDT1 expression was negatively correlated with the pathologic grades of breast cancer (P = 0.015) ( Table 1) . Notably, later stages of breast cancer were detected with downregulated SIDT1 (P = 0.001) ( Table 1 ). These results indicated that a negative correlation exists between SIDT1 and general breast cancer progression.
Effect Of SIDT1 Overexpression On Tumor Progression In Vitro And In Vivo
Given the correlation of SIDT1 and TNBC progression and its prognostic value in TNBC, we next investigated the effect of SIDT1 on the proliferation of MDA-MB-231 and MDA-MB-468 cells by CCK8 and colony formation assay. Successful overexpression by SIDT1-plasmid was verified by Western blot in both cell lines ( Figure 4A ). MDA-MB-231 and MDA-MB-468 cells with SIDT1 overexpression exhibit a decrease in cell viability and colony formation ( Figure 4B and C). To further determine the role of SIDT1 in breast cancer, we used siRNA to inhibit SIDT1 expression in MCF-7 cells, a non-TNBC cell line with high-level expression of SIDT1 ( Figure S2A and B) . Consistently, downregulation of SIDT1 expression markedly enhanced the cell viability and colony formation of MCF-7 cells ( Figure S2C and D) . Moreover, to confirm whether SIDT1 has a function in vivo, we then used mice xenotransplant models. Tumor xenografts with SIDT1-overexpression MDA-MB-231 and MDA-MB-468 cells both displayed a significant reduction in tumor growth and weight ( Figure 4D and E) .
Discussion
In the present study, we identified four genes (SIDT1, ANKRD30A, GPR160, and CA12) were downregulated in TNBC and related to TNBC patient prognosis by combining WGCNA and DEGs analysis. Among them, SIDT1 expression was lower in both TNBC specimens and cases with negative ER, PR, and HER2 status; marking a later stage for patients with TNBC. Moreover, we found that SIDT1 exhibited a remarkable anti-tumor effect on TNBC in vitro and in vivo.
To gain valuable insights in TNBC, TNBC and non-TNBC specimens were analyzed by WGCNA and DEGs. WGCNA is a widely used biological data mining method to identify modules of highly correlated genes that may be used for candidate markers or therapeutic targets. 10, 30 Several prognostic genes have been recognized by WGCNA in breast cancer. 31, 32 In this study, we identified four downregulated genes (SIDT1, ANKRD30A, GPR160, and CA12) in TNBC by integrating the results of WGCNA and DEGs. These genes were found to be predictive markers for the prognosis of patients with TNBC. ANKRD30A, a commonly used marker of disseminated tumor cells (DTC), has previously been found significantly downregulated in TNBC tissues. 18, 33 GPR160 is reported to be involved in the pathogenesis of nasopharynx and prostate cancers. 20, 21 Moreover, GPR160 overexpression was found in metastatic sites of melanoma. 34 CA12 is widely investigated in human tumors and has proven to be a valuable prognostic factor for patients with esophageal and breast cancers. 25, 35 However, to date, the regulation and functional properties of SIDT1 in cancer have been extremely poorly studied. SIDT1, also known as a human orthologue of SID-1, belongs to the SID family which is a highly conserved group of transmembrane channel-like proteins. 36 It can function as a transmembrane channel for dsRNA and was primarily determined following a screen of C. elegans mutants deficient the systemically RNA interference (sysRNAi) phenotype. 37, 38 As a transmembrane channel for intercellular communication, SIDT1 was found to facilitate small interfering RNA (siRNA) or miRNA uptake and also involved in cholesterol transport in human systems. 27, [39] [40] [41] Remarkably, SIDT1 is essential for normal tissue organization, but it also participates in tumor progression and chemotherapy resistance. Specifically, SIDT1 could act as a mediator of intercellular communication to enhance pancreatic adenocarcinoma chemoresistance to gemcitabine driven by miR-21. 36 Moreover, Zhang WJ et al also found that SIDT1 could be regulated by IL-4 in breast cancer cells via Stat6dependent and/or -independent pathways. 28 In this study, we revealed its down-regulation in TNBC. Notably, SIDT1 expression was positively correlated with the expression of ER, PR, and HER2, respectively (p<0.05). Furthermore, we found a strong association between SIDT1 and RFS in patients with TNBC (HR = 0.62 (0.40-0.95)). Upregulated expression of SIDT1 was linked with better RFS. To further explore its potential value in tumor progression, we compared the expression levels of SIDT1 in human tissues by immunohistochemistry. A negative correlation between SIDT1 and FIGO stage was found in breast cancer and TNBC. Considering the limited sample sizes in the TNBC analysis, this result needs further confirmation. Statistical analysis also revealed that the expression of SIDT1 was negatively correlated with breast cancer grade. All of these results suggest a crucial role for SIDT1 in breast cancer. Although the essence of organism-level sysRNAi in mammals is not yet fully elucidated, SIDT1-dependent intercellular communication by RNA transfer may have several functional genomics and remedial applications in cancer. Across biological processes, a growing body of research has led to an understanding of tumorigenesis, metastasis, and drug resistance, arbitrated by miRNAs in TNBC. 42 The role of miRNA is complex and multidirectional, such as oncomiRs and tumor-suppressor microRNAs. 43 miRNA levels could increase through a contact-mediated, SIDT1-dependent mechanism, thus intensifying the consequence of posttranscriptional gene regulation and allowing wider adaptive changes within the tumor microenvironment. 36 In this study, we observed the strong anti-tumor effect of SIDT1 which not only suppressed the proliferation of two TNBC cell lines but also reduced tumor growth in vivo. This phenomenon may be interpreted by its broad and diverse roles in RNA transfer including certain key signals in TNBC progression. Thus, further studies are required to address the underlying mechanism of SIDT1 in cancer.
In conclusion, to the best of our knowledge, this is the first study evaluating the value of SIDT1 in TNBC. Our findings revealed lower SIDT1 expression in TNBC specimens compared to non-TNBC and also indicated that the upregulated expression of SIDT1 was associated with a longer RFS in patients with TNBC. SIDT1 overexpression exerted an anti-tumor effect by inhibiting cell proliferation. Overall, our study revealed potential implications of SIDT1 for prognostic prediction and therapeutic exploration in TNBC.
